The strong and radiative decay properties of the low-lying Ω c states are studied in a constituent quark model. We find that the newly observed Ω c states by the LHCb Collaboration can fit in well the decay patterns. Thus, their spin-parity can be possibly assigned as the following: (i) The Ω c (3000) has J P = 1/2 − and corresponds to the narrow 1P mixed state |1 2 P λ 1 2 − 1 , its partner |1 2 P λ 1 2 − 2 should be a broad state with a width of ∼ 100 MeV.
(ii) The Ω c (3050) and Ω c (3066) can be assigned to be two J P = 3/2 − states, |1 4 P λ . This observation can be regarded as a significant progress towards a better understanding of the Ω c spectrum and immediately attracts a lot of attention from the hadron physics community. Together with the two established ground states, Ω c (2695)1/2 + and Ω c (2770)3/2 + [6] , the Ω c spectrum, for the first time, allows a more quantitative analysis of the internal structures, quantum numbers, and decay modes for higher excited states.
These newly observed Ω c states are good candidates for the low-lying Ω c resonances. Since the Ω c contains a heavy c quark and two relatively light s quarks, the low-lying internal excitations will favor excitations of the so-called "λ-mode" in one orbital excitation in a Jacobi coordinate between the light quarks and the heavy c quark. Such a structure is illustrated in Fig. 1 . According to the mass spectrum from various theoretical studies [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , these newly observed Ω c states can be organized into the first orbital excitations (1P states with J P = 1/2 − , 3/2 − , 5/2 − ) and the first radial excitations (2S states with J P = 1/2 + , 3/2 + ) of the λ mode, which have been summarized in Table I . Stimulated by the newly observed Ω c states from LHCb, some groups have discussed their nature and possible quantum numbers [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The possible spinparity quantum numbers suggested in the literature are collected in Table II and there are still different views on their * E-mail: zhongxh@hunnu.edu.cn † E-mail: zhaoq@ihep.ac.cn properties. (r 1 + r 2 − 2r 3 ). q 1 and q 2 stand for the light s quarks, and Q 3 stands for the heavy c quark.
It should be noted that most of these low-lying Ω c states have masses in the vicinity of the Ξ + c K − and Ξ ′ cK threshold, to which the strong decay will almost saturate their total decay widths. Meanwhile, for these states, their decays will be dominated by the leading constituent quark model wavefunctions instead of detailed structures, e.g. due to hyperfine splittings, because of their relatively small mass differences. In other words, we anticipate that without detailed information about the mass orderings in their classification, one can still possibly identify the predominant feature of their strong decay patterns for given quantum numbers. This makes it possible for us to determine their quantum numbers based on the present available experimental information on the partial and total widths. In addition to the hadronic decay, we also show that the electromagnetic (EM) transitions are useful for providing further information about their internal structures. For the low-lying Ω c hadronic and radiative decays, the allowed decay channels are plotted in Fig. 2 as an illustration.
As follows, in Sec. II we first give a brief introduction to the quark model description of the strong and radiative decay of the ssc system. The numerical results are presented and discussed in Sec. III. Finally, a summary is given in Sec. IV.
II. THE MODEL
We apply the chiral quark model [33] to the study of the hadronic decays of the low-lying Ω c states for rather empirical reasons. For instance, it was shown in Refs. [34] [35] [36] [37] [38] [39] [40] [41] , that the hadronic decays of heavy-light mesons and baryons can be reasonably described by treating the light pseudoscalar mesons, i.e. π, K and η, as a fundamental state in the chiral quark model. Then, the decay patterns of those low-lying heavy-light mesons and baryons can be described. The chiral quark model has also been broadly applied to various processes involving light pseudoscalar meson productions [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . In this model, the low energy quark-pseudoscalar-meson interactions in the SU(3) flavor basis are described by the effective Lagrangian [45] [46] [47] 
where ψ j represents the jth quark field in the hadron; φ m is the pseudoscalar meson field, f m is the pseudoscalar meson decay constant, andÎ j is the isospin operator associated with the pseudoscalar meson. Meanwhile, to treat the radiative decay of a hadron we apply the constituent quark model which has been successfully applied to study the radiative decays of cc and bb systems [60, 61] . In this model, the quark-photon EM coupling at the tree level is adopted as [62] 
where A µ represents the photon field with 3-momentum k. e j and r j stand for the charge and coordinate of the constituent quark ψ j , respectively.
To match the non-relativistic harmonic oscillator wave functions adopted in our calculations, we should provide the quark-pseudoscalar and quark-photon EM couplings in a nonrelativistic form. In the initial-hadron-rest system, the nonrelativistic form of the quark-photon EM coupling can be written as [45] [46] [47] [60] [61] [62] ]
while the nonrelativistic form of the quark-pseudoscalarmeson coupling can be written as
where
; σ j and p j stand for the Pauli spin vector and internal momentum operator for the jth quark of the initial hadron; q is three momentum of the emitted light meson; I j is the flavor operator defined for the transitions in the SU(3) flavor space [45, 47] ; and µ q is a reduced mass given by 1/µ q = 1/m j + 1/m ′ j with m j and m ′ j for the masses of the jth quark in the initial and final hadrons, respectively.
For a light pseudoscalar meson emission in a hadron strong decays, the partial decay width can be calculated with [35, 39] 
while for a photon emission in a hadron radiative decays, the partial decay width can be calculated with [60, 61] 
where M J f z ,J iz and A J f z ,J iz correspond to the strong and radiative transition amplitudes, respectively. The quantum numbers J iz and J f z stand for the third components of the total angular momenta of the initial and final heavy baryons, respectively. δ as a global parameter accounts for the strength of the quark-meson couplings. It has been determined in our previous study of the strong decays of the charmed baryons and heavy-light mesons [35, 39] . Here, we fix its value the same as that in Refs. [35, 39] , i.e. δ = 0.557. In the calculation, the standard quark model parameters are adopted. Namely, we set m s = 450 MeV, and m c = 1480 MeV for the constituent quark masses. The harmonic oscillator parameter α ρ in the wave function ψ n lm = R nl Y lm of the ρ-mode excitation between the two s quarks is taken as α ρ = 0.44 GeV, which is slightly larger than that of the ρ-mode excitation between the two light nonstrange quarks (α ρ = 0.40 GeV 
) adopted in our previous work [39] . Another harmonic oscillator parameter α λ can be related to α ρ with the relation α λ = [3m c /(2m s + m c )] 1/4 α ρ [39] . The kaon decay constant is taken as f K = 160 MeV. The masses of the well-established hadrons used in the calculations are adopted from the Particle Data Group (PDG) [6] . With these parameters, the strong decay properties of most of the heavy-light mesons and charmed baryons can be reasonably well described [34] [35] [36] [37] [38] [39] [40] .
III. RESULTS AND DISCUSSIONS
One important feature arising from the hadronic decays of the low-lying Ω c states is that their hadronic decay properties are determined by their dominant quark excitations. Within a local mass region containing several states, their decays are not sensitive to the local mass orderings which are determined by more detailed dynamics such as spin-dependent forces. Namely, the decay pattern should not change if the mass of such states vary within a small mass range. As a natural assumption for these observed Ω c states that they are most likely the 1P and 2S excited states, one can easily check that in most models the relative partial decay widths will not change dramatically if their masses change within 100 MeV (see figs. 3 and 4). In such a sense, the pattern arising from the relative partial widths should be more selective to their quantum numbers instead of their masses.
In Table III the calculations of the partial decay widths for the P-wave states into ΞK, Ξ ′K , and radiative decay channels are listed. It can be seen that although there are still some uncertainties with both the experimental and theoretical results, the magnitudes of the partial decay widths have indicated patterns determined by the three-body quark model wavefunctions.
A. Ω c (3000)
To be more specific, the relatively low mass of Ω c (3000) make it a good candidate for the J P = 1/2 − states as the first orbital excitation states of |1 2 P λ 1 2
− . However, the quark model predicts rather broad widths for both |1 2 P λ 1 2 − and |1 4 P λ 1 2
− (see fig. 3 ) and suggest more profound configurations with the physical state. It could happen that these two − by the following mixing scheme
1P λ 1 2
where φ is the mixing angle. Taking the Ω c (3000) as the mixed state |1P λ 1 2 − 1 , we plot the strong decay width into the Ξ cK channel as a function of the mixing angle φ in fig. 5 . It shows that with a mixing angle φ ≃ 24
• or 47
• , the measured decay width Γ ≃ 4.5 ± 0.9 MeV of Ω c (3000) can be well explained. Note that an intrinsic sign between |1 2 P λ 1 2 − and |1 4 P λ 1 2 − is included which introduces the cancelation between the two transition amplitudes from these two configurations. In Ref.
[25] a similar mixing mechanism for obtaining a narrow width for the 1/2 − state is also discussed in the basis of heavy quark spin symmetry (HQSS).
If Ω c (3000) corresponds to the mixed state |1P λ 1 2 − 1 indeed, the other mixed state |1P λ 1 2 − 2 should be a broad state with a width much larger than these observed states. At this moment we do not intend to determine the mass of the broad state but only discuss its width range near the mass of Ω c (3000). It is found that with the mass of 2980 MeV, the decay width of |1P λ 1 2 − 2 is about ∼ 70 MeV, while with the mass of 3020 MeV the width is about ∼ 110 MeV. This presumably suggests the difficulty of identifying it from the background in the present data sets. One notices that in the LHCb data [5] there are events excesses below Ω c (3000) which are noted as the feed-down events from higher partially constructed Ω c (X) states. It would be interesting to have more elaborate analysis of these event excesses to look for signals of the broad 1/2
− . Moreover, it shows that that the lineshape of Ω c (3000) has been distorted at the higher energy side and a broad structure is present below the narrow Ω c (3000). further analysis of the Ξ + c K − invariant mass spectrum may help clarify the status of the broad partner of Ω c (3000).
The assignment of Ω c (3000) as the narrow 1/2 − state naturally leads to the dominance of the E1 transition in the EM transitions of Ω c (3000) → Ω c (2695)γ. It predicts an EM transition partial width of 200−360 keV, which is quite significant and can be searched for in experiment as further evidence for its assignment. We also take the ratio between the EM and hadronic decays as a guidance for its future studies:
The EM transition of the state to Ω c (2770) can also be calculated. Taking into account the phase space factor, it predicts a rather small partial decay width of about 10s keV, which is much smaller than that for Ω c (3000) → Ω c (2695)γ.
B. Ω c (3050)
The Ω c (3050) is most likely to be the J P = 3/2 − state. It corresponds to |1 4 P λ − will be suppressed by the M2 transition which leads to a small partial width of 1.12 × 10 −3 MeV. The total width reads about 0.94 MeV which is also nearly saturated by the hadronic and EM decays. This value is consistent with the data. The large branching ratio of the radiative transition of Ω c (3050) into the Ω c (2770)γ channel
indicates that the radiative transition of Ω c (3050) → Ω c (2770)γ should be accessible in future experiment.
The Ω c (3066) can be assigned to another J P = 3/2 − state, | 2 P λ 3 2 − . As the result, the Ω c (3066) will mainly decay into Ξ cK and Ω c (2695)γ, while its decays into Ω c (2770)γ will be suppressed due to the spin-flipping M2 transition. Our results Table III . One can see that the total width Γ ≃ 4.96 MeV is in good agreement with the experimental data of 3.5±0.4±0.2 MeV. In this scenario, the branching ratio of the radiative transition Ω c (3066) → Ω c (2695)γ is predicted to be a fairly large value:
This makes the experimental measurement of the radiative decay of Ω c (3066) → Ω c (2695)γ a possible way to further test its configuration.
The Ω c (3090) can be assigned to the J P = 5/2 − state,
− . Its decays are governed by the strong decay channel Ξ cK , and the predicted partial width is
Following this scenario, its radiative decay rate into the Ω c (2770)γ is expected to be sizeable with a ratio of
The total width is nearly saturated by the Ξ cK channel and with the EM transition the total width, Γ ≃ 9.5 MeV, is in good agreement with the measured width 8.7 ± 1.0 ± 0.8 MeV. To confirm the nature of Ω c (3090), experimental measurements of the radiative decay Ω c (3090) → Ω c (2770)γ are strongly recommended.
The Ω c (3119) has the highest mass among these five states but has a narrow width of 1.1 ± 0.8 ± 0.4 MeV. It may be assigned to be one of the first radially excited states, i.e. either |2 2 S λλ 1 2
+ . These 2S radial excitation states are found to usually have a very narrow decay width, which is about 1 MeV (see Table IV ). Considering the Ω c (3119) as the |2 2 S λλ 1 2 + state, we find that Ω c (3119) should have two main decay channels, i.e. Ξ cK and Ξ ′ cK , of which the calculated partial widths are listed in Table IV . By summing up these dominant partial widths, the total width amounts to about 1.2 MeV, which is consistent with the central value of the experimental data. In this assignment, one notices that partial decay widths of the Ξ cK and Ξ ′ cK channels are compatible. In contrast, by assigning Ω c (3119) as the |2 4 S λλ 3 2 + state, we find that it mainly decays into Ξ cK and Ξ ′ cK channels. Also, the partial width into Ξ cK will be much larger (about a Table IV . The measurement of the partial decay widths into these two channels should allow a determination of the quantum number and structure of the Ω c (3119). As a byproduct, we also study the radiative decay process Ω c (2770) → Ω c (2695)γ as a test of our simple model. Our predicted partial width is
which is in good agreement with other predictions in Refs. [63] [64] [65] [66] . Interestingly, one notices that the lattice QCD simulation yields a rather small value for this quantity at nearly physical pion mass [67] , which is about an order of magnitude smaller than phenomenological model calculations. Finally, it should be mentioned that the decay widths of the low-lying S and P-wave charmed baryons, such as Σ c (2455, 2520), Λ c (2593, 2625) and Ξ c (2645, 2815), predicted within our nonrelativistic constituent quark model [39, 40] are in good agreement with the relativistic quark model predictions [68, 69] and the experimental data [6] , which indicates that the relativistic effects are relatively small for these processes.
IV. SUMMARY
In this work we have studied the strong and radiative decay properties of the newly observed Ω c states, i.e. Ω c (3000), Ω c (3066) , Ω c (3090) and Ω c (3119), by LHCb Collaboration in a constituent chiral quark model. It shows that these low-lying states can be accommodated into the quark model with the consideration of proper internal excitations. In particular, the excitations of the λ mode in the Jacobi coordinate (Fig. 1) will give rise to the main configurations of these observed states.
It is also found that for these low-lying states with masses close to each other, their relative magnitudes of partial decay widths are a more selective observable for the determination of their quantum numbers. In contrast, the mass ordering patterns, which are determined by more detailed dynamics, may not be an ideal quantity for classifying their quantum numbers at the present stage.
As a conclusion of this investigation, the following assignments seem to be favored in the quark model: (i) The Ω c (3000) has J P = 1/2 − and corresponds to the narrow 1P mixed state |1 2 P λ Finally, we emphasize that the EM transitions appear to be useful for determining the quantum numbers of these Ω c states in this analysis. Future experiments measuring their radiative decay widths are strongly recommended. 
